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Abstract
A measurement of the Higgs trilinear self coupling λhhh will test the Standard Model Higgs po-
tential. But can it reveal information that cannot be learned otherwise? By analyzing several simple
extensions of the Standard Model scalar sector we show that this measurement might give a first
hint for New Physics modifying the electroweak symmetry breaking. Combining the measurements of
λhhh and λhV V (V =W,Z) is particularly powerful in distinguishing between various models of New
Physics and in providing unique information on these models.
1 Introduction
The recent discovery at the Large Hadron Collider (LHC) of a new scalar h [1, 2] that couples to pairs of
weak gauge bosons is an important triumph for the BEH mechanism of electroweak symmetry breaking
[3, 4]. The data analyzed so far by the ATLAS and CMS experiments suggest that the properties of
this particle are consistent, within present experimental accuracy, with those of the Higgs boson of the
Standard Model (SM). Yet, many well motivated New Physics (NP) scenarios predict the existence of
additional new particles that mix with, or couple to the Higgs boson, leading to deviations of the Higgs
couplings from the SM predictions. So far, experiments have given no direct hints for such particles, and it
might be that the new particles are too heavy or too weakly coupled to be directly discovered even in the
upcoming runs of the LHC. In this case, precise measurements of SM processes will be the only way to see
their imprints. These two approaches, direct searches and precise measurements, are then complementary.
The SM Higgs potential is a two parameter model. One of them is the Higgs Vacuum Expectation Value
(VEV), determined by the Fermi constant which was measured over eighty years ago, v = (
√
2GF )
−1/2 ≃
246 GeV. The other is the Higgs mass, measured by the CMS and ATLAS collaborations over the last
year, mh = 125.9 ± 0.4 GeV [5]. The measurement of mh exhausts the unknown parameters of the SM
Higgs potential. In particular, within the SM, the trilinear Higgs self-coupling, λhhh, is not an independent
parameter:
λSMhhh = 3m
2
h/v . (1)
A future measurement of λhhh will then test the SM Higgs potential. But can it reveal new information
that cannot be learned otherwise? What can be learned if we find λhhh 6= 3m2h/v? These are the questions
we aim to address in this work.
Since we are interested in the case that no direct discovery of relevant particles is achieved, we examine
various NP models in the decoupling limit. We analyze the relation between the Higgs self coupling and
its couplings to the weak gauge bosons V =W,Z and to the charged fermions f = t, b, τ at tree level:
LhXX = −1
6
λhhhhhh+ λhV V hW
+
µ W
−µ +
1
2
λhV V hZµZ
µ − λhffhf¯f. (2)
In all the models that we analyze, the NP respects custodial symmetry, and there is no need to distinguish
between λhWW and λhZZ . In all the models that we study, modifications to the Yukawa couplings are
flavor-universal, and so there is no need to distinguish between the different generations in each sector.
Within the SM we have
λSMhV V = 2m
2
V /v ,
λSMhff = mf/v . (3)
We define:
δλhhh =
λhhh
λSMhhh
− 1 ,
δλhV V =
λhV V
λSMhV V
− 1 ,
δλhff =
λhff
λSMhff
− 1 . (4)
Our main focus will be on the lessons that can be learned from δλhhh/δλhV V .
A comment is in order regarding loop corrections to Eqs. (1) and (3). Within the SM, the relation
between λhhh and the measured parameters mh and v receives a 10% correction arising from top-loop [6].
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To isolate the NP contribution to δλhhh, this correction should be accounted for, taking into consideration
δλhff of the studied NP model:
δλhhh =
λhhh
λSMhhh
− 1− m
4
t (1 + 4δλhtt)
pi2v2m2h
. (5)
For brevity, we omit this correction in the following. The leading SM loop-correction to λhV V is of
order 1% [7]: δλSMhV V = 5m
2
t/
(
32pi2v2
)
. Additional loop-induced contributions to λhV V (arising from, for
example, Higgs-loop) are further suppressed and can be safely neglected. We also neglect all other NP
loop-induced contributions to λhhh which are found to be subdominant.
An analysis related to ours has recently been presented in Ref. [8]. The main focus in Ref. [8] is
on a quantitative question: Within various NP scenarios, what is the maximal value for δλhhh which
is allowed by current experimental bounds on other Higgs couplings? The bound is then compared to
future experimental prospects. In our study, the main focus is on a qualitative question: Assuming
that deviations from the SM will be observed, how can one combine δλhhh with other Higgs coupling
measurements to support or exclude various relevant extensions of the SM? We further ask which specific
features of these models will be probed. The two studies are complementary. Whenever the same models
are considered, our results agree with the results obtained in Ref. [8].
The plan of this paper is as follows. In Section 2 we review the experimental status and future prospects
for measurements of λhhh and λhV V . To demonstrate the power of the ratio δλhhh/δλhV V we study it in
several extensions of the SM scalar sector: the addition of a gauge singlet (Section 3), an extra SU(2)W
doublet (Section 4) and additional SU(2)W triplets (Section 5). In Section 6 we analyze the impact of
general dimension six effective interaction for the SM h. We conclude in Section 7.
2 Experimental status and prospects
The first probe of the Higgs self coupling would come from Higgs pair-production, in which a virtual Higgs
splits into two on-shell Higgs particles in the final state. (See, e.g., Refs. [9–15].) At the LHC, the cross
section for h pair production is roughly 1000 times smaller than the for single h. It is dominated by the
gluon-gluon fusion (ggF) mechanism, and followed by the vector boson fusion (VBF) and Higgs-strahlung
off vector-boson (VHH). The sensitivity of these channels to λhhh has been extensively studied. (See, e.g.,
Fig. 13 in Ref. [15] and Ref. [16].) Whenever studying NP modifying the Higgs trilinear self coupling,
one should bear in mind that two Higgs particles can also be produced without self-interactions. These
background processes do not depend on λhhh, and interfere with the signal process. The ggF and VBF
production channels exhibit destructive interference which suppresses the total h pair production cross
section for λSMhhh . λhhh . 3λ
SM
hhh.
As concerns the various decay channels, although the 4b final state is the dominant one, it suffers
from huge QCD background. The most promising channel at the LHC is thought to be the rare decay
hh→ γγbb¯. The main backgrounds for this decay mode are QCD processes and a single Higgs production
in association with top pair. Other possibly promising final states are bb¯τ−τ+ [17–19] and bb¯W+W− [20].
Different studies estimate the expected sensitivity for λhhh at the LHC to be somewhere between 30%
and 50% for
√
s = 14 TeV and 3 ab−1 of integrated luminosity [21–24].
In e+e− collisions the main production channels of Higgs pairs are double Higgs-strahlung off Z bosons
(ZHH , for
√
s = 500 GeV) and double Higgs fusion (ννHH , for
√
s ≥ 1 TeV). (See, e.g., Refs. [12,25–27].)
To overcome the large background of the 4b final state high energy collisions are needed along with high
b-tagging efficiency. Studies for a linear e+e− collider find that a relative accuracy of 20 (10)% is expected
for CM collision energy of 500 GeV (1 TeV) and L ≃ 1 ab−1. However, Refs. [28, 29] quotes only 21%
for the expected accuracy at the ILC with
√
s = 1 TeV and L = 1000 fb−1. An ILC-based photon
collider would give a poor sensitivity for λhhh of only about 1σ [28]. An e
+e− synchrotron at the di-Higgs
threshold would presumably enable an accuracy of 28% for λhhh [30].
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As for the Higgs couplings to heavy gauge bosons, the recent LHC Higgs measurements suggest that
these are similar to the SM prediction. Yet, they are not tightly constrained. Using the most updated
data given by the ATLAS and CMS collaborations [31, 32] we perform a naive minimum χ2 analysis and
find the allowed range for λhV V , assuming custodial symmetry holds. Profiling over a universal coupling
to fermions we find, within 95% C.L.:
− 15% . δλhV V . 5% . (6)
The expected sensitivity of future measurements to δλhV V is given in Table 1 under the assumption of
generation universal fermion couplings.
Experiment
√
s [TeV] L [fb−1] δλhV V .
LHC (ATLAS) [33] 14 300 (2.5− 3.3)%
LHC (CMS) [34] 14 300 (2.7− 5.7)%
LHC (ATLAS) [33] 14 3000 (1.6− 2.6)%
LHC (CMS) [34] 14 3000 (1.0− 4.5)%
ILC [28] 0.25+0.5 250+500 0.39%
ILC [28] 0.25+0.5+1 250+500+1000 0.21%
Table 1: Expected sensitivity to δλhV V at the LHC and ILC. The upper and lower limits represent, re-
spectively, a conservative and optimistic scenarios for the systematic errors at the LHC. A 0.5% theoretical
uncertainty is assumed for the expected results from the ILC. Generation universal couplings to fermions
are assumed.
In the following we obtain the predictions of different NP models, giving special attention to the
information that can be extracted from comparing δλhhh and δλhV V . Whenever informative, we study
also the Higgs coupling to fermion pairs.
3 Doublet-singlet mixing
The minimal extension of the SM Higgs sector is the addition of a single real gauge-singlet scalar (ΦS)
which mixes with the SM Higgs doublet (ΦSM) [8, 35]. In the following we study the implications of such
a mixing on the couplings of h, assuming a Z2 symmetry under which ΦS → −ΦS. We further elaborate
on experimental constraints on the singlet-doublet mixing parameter space.
We consider the following scalar potential:
V = µ2Φ†SMΦSM + λ
(
Φ†SMΦSM
)2
+m2SΦ
2
S + ρΦ
4
S + ηΦ
†
SMΦSMΦ
2
S . (7)
with
ΦSM =
(
0
1√
2
(v + φSM)
)
, ΦS =
1√
2
(Λ + φS) . (8)
In terms of the Lagrangian parameters, we have
v2 =
2m2Sη − 4µ2ρ
4λρ− η2 > 0 , Λ
2 =
2ηµ2 − 4λm2S
4λρ− η2 > 0 . (9)
The physical spectrum contains a light (h) and a heavy (H) neutral scalar, which are linear combinations
of the SM and singlet fields:
h = cαφSM + sαφS , H = −sαφSM + cαφS , (10)
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where cα ≡ cosα and sα ≡ sinα. The masses and the mixing angle are given by:
m2H,h = λv
2 + ρΛ2 ±
√
(ρΛ2 − λv2)2 + η2v2Λ2 , tanα = ηvΛ
m2H − 2λv2
. (11)
If H is very heavy, the light scalar h has SM-like properties. In this limit v ≪ Λ and
m2h ≃
(
2λ− η
2
2ρ
)
v2 , m2H ≃ 2ρΛ2 ≫ m2h , sα ≃
η
2ρ
v
Λ
≪ 1 . (12)
3.1 Results
The couplings of h to the weak gauge bosons and to the charged fermions are different from the SM
predictions due to the small mixing with the singlet:
λhV V
λSMhV V
=
λhff
λSMhff
= cα ≃
(
1− 1
2
s2α
)
. (13)
The trilinear self coupling of the light scalar is
λhhh
λSMhhh
=
(
c3α − s3α
v
Λ
)
≃
(
1− 3
2
s2α
)
. (14)
This gives, to leading order in sα,
δλhhh
δλhV V
≃ 3 . (15)
We thus learn the following points on the Higgs couplings in the decoupling limit:
• The couplings of h to pairs of weak gauge bosons and of charged fermions deviate from the SM
predictions. The deviation is small, of order s2α, and negative.
• The deviation is the same for the weak bosons and for the charged fermions, δλhV V = δλhff .
• The h trilinear self coupling deviates from the SM. The deviation is small, of order s2α, and negative.
• δλhhh/δλhV V = 3 at leading order. This relation is independent of the NP parameters, and provides
a decisive test for this extension of the SM Higgs sector.
• In principle, the singlet VEV Λ can be extracted by combining the information from λhhh and λhV V .
In practice, the required accuracy is beyond reach.
The predictions of the SM with additional scalar singlet are given in the doublet-singlet row of Table 3.
The experimental constraints on sα are described in the following section. These imply that, for the
doublet-singlet mixing, a deviation of −0.11 . δλ ≤ 0 is allowed within 95% C.L..
3.2 Experimental constraints
Recent Higgs measurements at the LHC constrain the doublet-singlet mixing angle. Using δλhV V = δλhff ,
we find the Best Fit Point (BFP), sα ≃ 0.28, and the upper bound, sα . 0.51 at 95% C.L.. The one-
dimensional compatibility of the SM prediction with the best-fit value is 40%.
The doublet-singlet mixing and the presence of an extra heavy scalar change the prediction for the
oblique ElectroWeak (EW) parameters with respect to their SM values [36]:
δX = s2α [XS(mH)−XS(mh)] , (16)
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with XS the scalar loop contribution to the parameter X = S, T , as given in Appendix C of Ref. [37]. To
find the resulting bounds we use the combined EW fit for the S and T parameters (setting U = 0) from
Ref. [38]:
S = 0.05± 0.09 , T = 0.08± 0.07 , (ρcorr = 0.91) . (17)
For mH = 1 TeV, electroweak precision measurements (EWPM) then imply
sα . 0.27 at 95% C.L. . (18)
This bound is compatible with the limit of detectability at the LHC with
√
s = 14 TeV and 100 fb−1 of
integrated luminosity, as obtained in Ref. [8], and with the current Higgs data from the LHC.
4 Doublet-doublet mixing
We consider the CP conserving Two Higgs Doublet Model (2HDM). We use the notations of Ref. [39].
The scalar potential for two SU(2)W doublet scalar fields, Φ1,2 is given by
V = m211Φ†1Φ1 +m222Φ†2Φ2 −
[
m212Φ
†
1Φ2 + h.c.
]
+
1
2
λ1
(
Φ†1Φ1
)2
+
1
2
λ2
(
Φ†2Φ2
)2
+ λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
+
[
1
2
λ5
(
Φ†1Φ2
)2
+ λ6
(
Φ†1Φ1
)(
Φ†1Φ2
)
+ λ7
(
Φ†2Φ2
)(
Φ†1Φ2
)
+ h.c.
]
. (19)
We denote the VEVs of the two doublets by v1,2, with v
2 = v22 + v
2
2 and tanβ ≡ v2/v1. The spectrum of
the Higgs sector contains two CP-even neutral states (h,H), a CP-odd neutral state (A) and a charged
scalar (H±). The angle α is the rotation angle from the real neutral components of the two doublets to
the physical CP-even mass eigenstates. If H is very heavy, the light scalar h has SM-like properties. In
this limit the remaining scalars, H,A and H±, are mass degenerate up to corrections of O (v2/m2A). We
represent their common mass scale by the mass of the pseudoscalar, mA. In the decoupling limit [39]
cos (β − α) ≃ λˆv
2
m2A
≪ 1 , (20)
where
λˆ ≡ 1
2
s2β
[
λ1c
2
β − λ2s2β − (λ3 + λ4 + λ5) c2β
]− λ6cβc3β − λ7sβs3β . (21)
4.1 Results
The coupling of the light scalar h to the weak gauge bosons is different from the SM prediction due to the
misalignment between the Higgs basis (defined by the angle β) and the mass basis (defined by the angle
α):
λhV V
λSMhV V
= sin (β − α) ≃ 1− 1
2
cos2 (β − α) . (22)
Its trilinear self coupling is [8]
λhhh
λSMhhh
≃ 1− 2m
2
A
m2h
cos2 (β − α) . (23)
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The couplings of h to fermion pairs are model dependent. In the type II 2HDM they read
λhtt
λSMhtt
=
cosα
sinβ
= sin (β − α) + cos (β − α)
tanβ
,
λhbb
λSMhbb
= − sinα
cosβ
= sin (β − α) − tanβ cos (β − α) . (24)
We obtain
δλhhh
δλhV V
≃ 4m
2
A
m2h
. (25)
We thus learn the following points:
• The couplings of h to ZZ andWW deviate from the SM prediction. The deviation is small, of order
cos2 (β − α), and negative.
• The Higgs couplings to fermions are model dependent. In the type II 2HDM, for moderate values
of tanβ, the deviation from the SM prediction is of order cos (β − α).
• The h trilinear self coupling deviates from the SM prediction. The deviation is of order(
m2A/m
2
h
)
cos2 (β − α) ≃ cos (β − α), and negative.
• At leading order δλhhh/δλhV V = 4m
2
A/m
2
h ≫ 1. Thus, the deviation in the trilinear coupling is
much larger than the deviation in the coupling to the weak gauge bosons.
• Using the measured value of δλhhh/δλhV V , one will be able to cleanly extract the value of mA, the
mass scale of the second Higgs doublet which, if indeed the decoupling limit applies, will be out of
direct reach in the LHC experiments.
The predictions of the 2HDM are given in the doublet-doublet row of Table 3. Taking λˆ ≃ 1 and
mA ≃ 500 GeV, we find δhV V ∼ −0.03, while δλhhh ≃ −1.9. This will enhance the di-Higgs production
at the LHC (with
√
s = 14 TeV) by a factor of five. For λˆ ≃ 1 and mA ≃ 1 TeV, we find δλhV V ≃ −0.001,
while δλhhh ≃ −0.46.
We note that, at tree level, the results for the MSSM are the same as those of type II 2HDM. The
two-loop O (αsαt) corrections to λhhh within the MSSM are calculated in Ref. [40].
4.2 Experimental constraints
We study the experimental constraint on the Type I and Type II 2HDM using the latest LHC Higgs data.
We consider two independent parameters: −1 ≤ sin (β − α) ≤ 1 and 0.5 ≤ tanβ ≤ 65, verifying that
|α| ≤ pi/2 is maintained. We assume that the heavy scalars do not affect the various measurements. Our
results are given in Table 2.
A more detailed analysis for the experimentally allowed parameter space in various 2HDM types can
be found in, e.g., Refs. [41–47].
5 Doublet-triplets mixing
Additional scalar fields in the SU(2)W triplet representation can account for neutrino masses via the
Type III See-saw mechanism (for a review, see [48]). When adding a single SU(2)W triplet with Y = 1,
custodial symmetry is violated at tree level. EWPM establish ρ = m2W /(m
2
Z cos
2 θW ) = 1 to a very good
accuracy, leading to severe constraints on the mixing with such a triplet:
sin2 α ≤ 5× 10−3 . (26)
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Type I Type II
BFP for [λhV V
λSM
hV V
, λhuu
λSM
huu
, λhdd
λSM
hdd
] [0.96, 0.98, 0.98] [0.94, 1.00,−1.03]
SM compatibility 69% 72%
δλhV V at 95% C.L −15% . δλhV V . 0 −23% . δλhV V . 0
Table 2: The implications of the LHC Higgs data on the Type I and Type II 2HDMs. The allowed range
for δλhV V is obtained by scanning over 0.5 ≤ tanβ ≤ 65.
Since δλhhh ∼ δλhV V ∼ sin2 α, all the deviations in the couplings are, at most, at the few permil level.
To avoid this tight constraint we study the Georgi-Machacek model [49,50], in which the Higgs sector
contains the SM Higgs doublet and three real triplets with hypercharges Y = −1, 0, 1. We follow the
notations of Ref. [51]. The three triplets are combined into one matrix field
χ =

 χ0 ξ+ χ++χ− ξ0 χ+
χ−− ξ− χ0∗

 , (27)
with 〈χ〉 = diag (b, b, b). This particular choice of VEVs guarantees that ρ = 1 at tree level. The SM
doublet VEV is denoted as 〈φ〉 = a/√2. We find
v2 = a2 + 8b2 , (28)
leaving the ratio of the two VEVs a free parameter. It is useful to define an angle θH such that
cH ≡ cos θH ≡ a/v , sH ≡ sin θH ≡
√
8b/v . (29)
Altogether, there are ten physical real scalars. Under custodial SU(2), they decompose into a five-plet,
a triplet and two singlets. The latter two are
H01 = Re
[
φ0
]
, H0
′
1 =
1√
3
(
χ0 + χ0∗ + ξ0
)
. (30)
Assuming that the Higgs potential obeys the custodial symmetry, the two states of Eq. (30) mix (only)
among themselves, forming two mass eigenstates h,H . We define the rotation angle to the mass eigen-
states, α, via
h = cαH
0
1 + sαH
0′
1 , H = −sαH01 + cαH0
′
1 , (31)
with cα ≡ cosα, sα ≡ sinα.
As concerns the Yukawa couplings, only the SM doublet couples to charged fermion pairs at tree level,
with YH0
1
ff = Y
SM
f /cH . The Yukawa couplings of the mass eigenstate scalars are then given by
λhff
λSMhff
=
cα
cH
,
λHff
λSMhff
= − sα
cH
. (32)
The couplings to pairs of weak bosons are deduced from the gauge kinetic terms in the Lagrangian [46,51]:
λhV V
λSMhV V
=
(
cαcH +
2
√
2√
3
sαsH
)
,
λHV V
λSMhV V
=
(
−sαcH + 2
√
2√
3
cαsH
)
. (33)
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It is then clear that the SM limit is reached when both sα ≪ 1 and sH ≪ 1, in which case h has SM-like
properties.
To obtain the scalar masses and self interactions one needs to specify the scalar potential. Imposing
the custodial symmetry and a Z2 symmetry under which χ→ −χ, the most general scalar potential takes
the form:
V = λ1
(
2φ†φ− a2)2 + λ2 (Tr [χ†χ]− 3b2)2 + λ3 (2φ†φ− a2 +Tr [χ†χ]− 3b2)2
+ λ4
(
2φ†φTr
[
χ†χ
]− 2Tr [Φ†τiΦτj]Tr [χ†tiχtj])2 + λ5 (3Tr [χ†χχ†χ]− (Tr [χ†χ])2)2 , (34)
with Φ = (σ1φ
∗, φ). Here τa/2 are the 2 × 2 representation matrices of SU(2)W and ta are the 3 × 3
representation matrices of SU(2)W in cartesian coordinates. Since the different custodial multiplets do
not mix with each other, all the members of the five-plet have well defined mass, and likewise all the
members of the triplet. Reaching the perturbativity limit λ4 ≃ 4pi these can be as heavy asm3 ≃ 870 GeV
and m5 ≃ 1.5 TeV. The singlet mass matrix is:
M
2
H0
1
,H0
′
1
=
(
8c2Hλ13 2
√
6cHsHλ3
2
√
6cHsHλ3 3s
2
Hλ23
)
v2 , (35)
where λ13 ≡ λ1 + λ3, λ23 ≡ λ2 + λ3. Stability of the potential requires λ13 > 0 and λ23 > 0, while
λ13λ23 > λ
2
3 should hold for m
2
1,2 > 0. The masses and the mixing angle are given by
m2h,H =
v2
2
(
8c2Hλ13 + 3λ23s
2
H ±
√
(8c2Hλ13 − 3s2Hλ23)2 + 96c2Hs2Hλ23
)
,
tanα =
2
√
6cHsHλ3
m2h/v
2 − 8c2Hλ13
. (36)
Clearly, in the limit of λ3 = 0 no mixing occurs. If, in addition, sH = 0 a U(1) symmetry is restored
under which χ can be rotated by a pure phase. In this case, mH = 0. Yet, we find that mH ≃ 380 GeV is
allowed for λ2 ≃ 4pi. We elaborate more on this issue in Sec. 5.2. The trilinear scalar couplings are given
by
λhhh
6v
= 4c3αcHλ13 +
√
6c2αsαsHλ3 + 4cαs
2
αcHλ3 +
√
6s3αsHλ23 ,
λHHH
6v
=
√
6c3αsHλ23 − 4c2αsαcHλ3 +
√
6cαs
2
αsHλ3 − 4s3αcHλ13 . (37)
5.1 Results
In this subsection we obtain simplified results for δλhhh, δλhV V and δλhff , considering two different limits:
First, the limit of small mixing, s2α ≪ s2H , and, second, the limit of small triplet VEV, s2H ≪ s2α. It is
convenient to define
∆2 ≡ m2H −m2h, ∆˜2 ≡
(
3s2Hλ23 − 8c2Hλ13
)
v2, (38)
and to use
λ3 = − sα∆
2
2
√
6cHsHv2
. (39)
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5.1.1 Small mixing
We consider the case of s2α ≪ 1. For sα = 0, the LHC Higgs data allow 0.88 < cH < 1 within 95% C.L.,
where cH = 0.97 is the BFP (with SM compatibility of 46%). We thus take
0 < s2α ≪ s2H ≪ 1 . (40)
Using (39) we find:
m2h/v
2 ≃ 8c2Hλ13 −
2s2α∆
4
∆˜2v2
,
λhhh ≃ 24cHλ13v −
3s2α
(
∆2 + 12c2Hv
2λ13
)
cHv
. (41)
These relations give:
λhhh
λSMhhh
≃ 1
cH
[
1− s2α
(
3
2
+
1
8
∆2
c2Hλ13v
2
(
1− 2∆
2
∆˜2
))]
≃ 1
cH
[
1− s2α
(
5
2
− m
2
H
m2h
)]
, (42)
where we use the fact that, to leading order, ∆2 ≃ ∆˜2.
As concerns the h couplings to the charged fermions and to the weak gauge bosons, Eqs. (32) and (33)
give
λhff
λSMhff
≃ 1
cH
(
1− 1
2
s2α
)
,
λhV V
λSMhV V
≃ cH
(
1− 1
2
s2α +
2
√
2√
3
tHsα
)
. (43)
We learn the following points, which apply for the hierarchy (40):
• The couplings of h to charged fermion pairs and to weak gauge bosons deviate from their SM
prediction with λhV V ≤ λSMhV V but λhff ≥ λSMhff .
• The trilinear self coupling deviates from its SM prediction. To leading order, we find:
δλhhh ≃ δλhff ≃ −δλhV V ≃ 1
2
s2H . (44)
• λhhh contains information on the mass of the other singlet scalar, H . In principle, by combining the
experimental information on δλhhh, δλhV V and δλhff , mH can be deduced.
In Sec. 5.2 we further elaborate on current experimental constraints on the sα−sH parameter space, from
both h related measurements and null searches for the other scalar, H .
The predictions of the Georgi-Machacek model in the limit of small mixing are given in the ”doublet-
triplet with α ≪ 1” row of Table 3. In this regime, 0 ≤ δλhhh . 13% is allowed within 95% C.L. by
current experimental bounds.
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5.1.2 Small triplet VEV
We consider the case of s2H ≪ 1. For sH = 0, the LHC data allow sα < 0.51 within 95% C.L., and
sα = 0.28 is the BFP (with SM compatibility of 40%). We thus take
0 < s2H ≪ s2α ≪ 1 . (45)
We find:
m2h ≃ 8λ13v2 ,
λhhh ≃ 24vλ13
(
c3α + s
2
αcα
λ3
λ13
)
. (46)
Using (39) we obtain
λ3
λ13
≃ − 4sα∆
2
√
6cHm2h
, (47)
which gives
λhhh ≃ 24vλ13
(
c3α − s3αcα
4√
6
∆2
m2h
)
. (48)
We thus find that
λhhh
λSMhhh
≃ c3α
(
1− 4t
3
αcα√
6
∆2
m2h
)
. (49)
As concerns the h couplings to the charged fermions and to the weak gauge bosons, Eqs. (32) and (33)
give
λhff
λSMhff
≃ cα
(
1 +
1
2
s2H
)
,
λhV V
λSMhV V
≃ cα
(
1− 1
2
s2H +
2
√
2√
3
tαsH
)
,
(50)
In the limit of small sH the second scalar has to be light since its mass is proportional to s
2
H :
m2H ≃ 3s2Hv2
(
λ23 − λ
2
3
λ13
)
. (51)
Yet, if also sα is small enough, its couplings to both gauge bosons and fermions are very small and it
might escape detection. The complete experimental analysis is done in the next subsection.
We learn the following points, which apply for the hierarchy (45):
• The couplings of h to charged fermion pairs and to the weak gauge bosons deviate from their SM
prediction, with
δλhV V ≃ δλhff < 0 . (52)
• The h trilinear self coupling deviates from its SM prediction, with
δλhhh
δλhV V
≃ 3 , (53)
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• λhhh contains information on the mass of the other singlet scalar, H . In principle, by combining
δλhhh, δλhV V and δλhff , mH can be deduced.
The predictions of the Georgi-Machacek model in the limit of small sH are given in the ”doublet-triplet
with θH ≪ 1” row of Table 3. In this regime, −39% . δλhhh ≤ 0 is allowed within 95% C.L. by current
experimental bounds.
5.2 Experimental constraints
Assuming h is the recently-discovered Higgs boson, LHC Higgs data prefers both sα ∼ 1 and sH ∼ 1. The
BFP for the Higgs measurements is (sH , sα) = (0.05,−0.21) with 69% compatibility for the SM. Yet, sH
as large as 0.62, and sα ≃ 0.70 are allowed at 95% C.L. (scanning over the other parameters.) Fig. 5.2
shows the allowed region in the sH − sα plane from the LHC Higgs data.
As concerns H , since its coupling to gauge bosons is not suppressed with sα×sH , it could be produced
directly at the LEP collider using the e+e− → Z∗ → ZH process for mH . 115 GeV (as shown in [46]).
The relevant decay channels in this case are the bb¯ and V V ∗ final states. We note that in some of the
relevant parameter space the decay modes of H do not resemble those of the SM Higgs, since its coupling
to gauge bosons can be much larger than its coupling to b quarks. We consider mH = 100 GeV (avoiding
h→ HH decays) and use
σprodΓH→XΓSMtot
σSMprodΓ
SM
H→XΓtot
≤ µLEPX (54)
where X = WW ∗, ZZ∗, bb¯ and µLEPX is the corresponding LEP bound (normalized to the SM Branching
ratio), taken from Refs. [52, 53]. We further use
σprod
σSMprod
=
(
λHV V
λSMhV V
)2
,
ΓH→X
ΓSMH→X
=
(
λHX
λSMhX
)2
. (55)
The combined LEP and LHC Higgs constraints for mH = 100 GeV are shown in Fig. 1(a). We note that
the V V ∗ decay mode affects only a small portion of the parameter space around sα ∼ 0 and sH ∼ 1.
In the mass region mh ≤ mH ≤ 2mh, direct searches at the LHC constrain the BR(H → WW ) and
BR(H → ZZ). In this case, we use
(
λHff
λSM
hff
)2
σSMggF +
(
λHV V
λSM
hV V
)2
σSMV BF
σSMggF + σ
SM
V BF
×
(
λHV V
λSMhV V
)2 ΓSMh,tot
ΓH,tot
≤ µLHCV V , (56)
where µLHCV V is the corresponding LHC bound taken from [54], and the SM production cross sections and
branching ratios are taken from [55]. In this case, we consider mH = 240 GeV. Our results are shown in
Fig. 1(b). If H is heavier than 2mh no bounds exist since its dominant decay mode is to light Higgs boson
pairs. We comment that TeVatron data yields no further constraints on the relevant parameter space.
6 Higher dimensional effective interaction
Heavy NP can induce an effective
(
Φ†SMΦSM
)3
interaction, which may lead to a first-order EW phase
transition [56]. (See also Ref. [57, 58].) If the heavy states do not mix with the SM Higgs, the Higgs
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Figure 1: The allowed 95% C.L. parameter space of the Georgi-Machacek model. The LHC Higgs data
allow the region inside the black curve. The direct H searches from LEP (left, for MH = 100 GeV) and
LHC (right, for MH = 240 GeV) allow the blue region. The red circle represents the Higgs data Best Fit
Point.
couplings to gauge bosons and fermions do not deviate from their SM values. This happens, for example,
when a heavy singlet field that does not acquire a VEV is added to the SM Higgs sector. In this section
we study the influence of this nonrenormalizable interaction. We consider the following Higgs potential:
V = µ2
(
Φ†SMΦSM
)
+ λ
(
Φ†SMΦSM
)2
+
ρ
Λ2
(
Φ†SMΦSM
)3
, (57)
and assume µ≪ Λ. The potential has a minimum at
v2 =
2Λ2λ
3ρ
(
−1 +
√
1− 3ρµ
2
λ2Λ2
)
≃ −µ
2
λ
(
1 +
3ρ
4λ2
µ2
Λ2
)
, (58)
with ρ > 0. We further find:
m2h = 2v
2λ+ 3ρ
v4
Λ2
,
λhhh = 3
m2h
v
+ 6ρ
v3
Λ2
.
(59)
6.1 Results
It might be that the only low energy imprint of heavy NP is the dimension six Higgs interaction. If this
is the case, we learn the following:
• The h couplings to the weak gauge bosons and to the charged fermions are the same as predicted by
the SM. NP loop-corrections to these couplings, arising from δλhhh, are expected to be below the
percent level.
• The trilinear coupling deviates from the SM prediction:
δλhhh =
2ρv4
m2hΛ
2
> 0 . (60)
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• A measurement of λhhh is the only way to reveal information on the NP that modifies the Higgs
potential. The size of δλhhh would allow an estimated upper bound on the scale of the new physics.
The predictions of the SM plus effective dimension six interaction are given in the
(
φ†φ
)3
row of
Table 3. Additional class of models that modify only the Higgs trilinear self coupling can be found in
Ref. [59].
7 Discussion and conclusions
Model δλhV V δλhhh δλhhh/δλhV V
Doublet-singlet mixing −s2α/2 −3s2α/2 3
Doublet-doublet mixing −λˆ2v4/(2m4A) −2λˆ2v4/(m2hm2A) 4m2A/m2h
Doublet-triplets mixing with sα ≪ 1 −s2H/2 s2H/2 −1
Doublet-triplets mixing with sH ≪ 1 −s2α/2 −3s2α/2 3
(φ†φ)3 0 2ρv4/(Λ2m2h) ∞
Table 3: Predictions of various extensions of the SM scalar sector for the hV V and hhh couplings.
Within the SM, the trilinear self-coupling of the Higgs boson fulfills λSMhhh = 3m
2
h/v. A future measure-
ment of this coupling will test this relation. In case that it is violated, the measurement will constitute
a significant probe of the mechanism that breaks the EW symmetry. Current measurements of the Higgs
couplings to gauge bosons and to charged fermions do not show any significant deviation from the SM
predictions. Current direct searches for new particles do not give any evidence that such particles exist
within the direct reach of the LHC. It is thus possible that a measurement of the trilinear coupling will
give a first hint for NP that modifies the Higgs potential.
In this work, we study the decoupling limit of several well motivated extensions of the Higgs sector.
We provide general expressions for the resulting Higgs couplings and show that their deviations from the
SM predictions exhibit well-defined patterns related to the structure of the Higgs potential. Our results
are summarized in Table 3. We found that the ratio δλhhh/δλhV V is often larger than one, namely the
deviation in the trilinear coupling is more significant. Moreover, the ratio is often independent of the
details of the new physics, and consequently provides information that is uniquely clean:
• Singlet-doublet mixing or triplet-doublet mixing in the small sH limit of the Georgi-Machacek model
predict δλhhh ≃ 3δλhV V accompanied with δλhV V ≃ δλhff .
• The small sα limit of the Georgi-Machacek model predicts δλhhh ≃ δλhff ≃ −δλhV V .
• Two Higgs doublet models predict δλhhh ≫ δλhV V . In this case, the mass of the other scalars can
be determined via m2A ≃ (δλhhh/δλhV V )(m2h/4).
• If a deviation is observed in λhhh but neither in the h coupling to the weak gauge boson, nor in its
couplings to the charged fermions, then it could be that the only significant effect of the NP is to
generate the dimension six term (Φ†Φ)3.
The Higgs couplings to W+W−, ZZ, τ+τ− and, perhaps, bb¯ and µ+µ− will be measured with better
and better accuracy in the coming years. If deviations from the SM are observed, then a measurement of
the Higgs trilinear self coupling, which is still far from reach, will become highly desired. We demonstrated
the power of combining the hV V and hff¯ coupling measurements with a measurement of the hhh coupling
in distinguishing between various models of NP and shedding light on the scale of NP.
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